Aim: Probucol, an anti-hyperlipidemic drug, has been reported to exert antitumor activities at various stages of tumor initiation, promotion and progression. In this study we examined whether the drug affected glioma cell growth in vitro and the underlying mechanisms. Methods: Human glioma U87 and glioblastoma SF295 cell lines were used. Cell proliferation was accessed using the cell proliferation assay and BrdU incorporation. The phosphorylation of AMPK, liver kinase B1 (LKB1) and p27
Introduction
Malignant gliomas are highly aggressive, angiogenic, and incurable tumors that exhibit a mortality rate higher than any other brain malignancy [1] . Glioma treatment, including surgery, radiotherapy, and chemotherapy, remains a challenging issue [2] . Despite progress in understanding the molecular mechanisms involved in the genesis and progression of glioma, the prognosis of patients with malignant gliomas remains very poor; the development of new drugs is urgent [3] . The moderate efficacy of current clinical approaches underlines the need for new therapeutic strategies.
Liver kinase B1 (LKB1) is a tumor suppressor that is mutated in Peutz-Jeghers cancer syndrome and is ubiquitously expressed in adult and fetal tissue, particularly pancreatic, liver, testicular, cardiac, and skeletal muscle tissue [4] . This serine/threonine protein kinase phosphorylates and activates at least 13 downstream kinases, which in turn regulate multiple cellular processes, including cell cycle progression, cellular proliferation, apoptosis, and energy metabolism [5] . One of the key downstream kinases of LKB1 is the AMP-activated protein kinase (AMPK), a serine/threonine kinase that serves as a master regulator of energy metabolism [5, 6] . AMPK activates and phosphorylates a number of metabolic enzymes involved in ATP-consuming cellular events, including fatty acid, cholesterol and protein synthesis. AMPK is also involved in the activation of ATP-generating processes, including the uptake and oxidation of glucose. A number of molecules and AMPKassociated signaling pathways are regulated by AMPK, both directly via its kinase activity as well as indirectly through its effects on gene regulation and protein stability [7] . An impor- npg tant focus of studies have investigated the suppression of cell proliferation by the inhibition of cell cycle progression and regulation of mitosis by AMPK [8, 9] . Understanding the effect of AMPK activation on cellular proliferation is important for the prevention and treatment of cancer and other cellular proliferative diseases.
Probucol, a rarely used cholesterol-lowering drug with antioxidant properties [10] , is the only agent that consistently inhibits atherosclerosis and restenosis [11, 12] . It attenuates atherogenesis in animals and humans and regresses xanthomas in hypercholesterolemic patients [13] . In animals, probucol prevents intimal thickening after balloon injury, independent of its ability to lower cholesterol and inhibit lipoprotein lipid oxidation [14] . Probucol is reported to exert antitumor activities at various stages of tumor initiation, promotion and progression [15] . However, these findings do not explain the roles of probucol in AMPK activation and cell growth in glioma. Based on these reports, we hypothesized that activation of the LKB1-AMPK signaling pathway mediates the suppressive effect of probucol on glioma cell proliferation. In fact, it has been reported that activation of LKB1-AMPK signaling induces apoptosis in human glioblastoma cells [16] [17] [18] [19] . Here, we provide evidence of a novel molecular mechanism in which probucol activates AMPK to inhibit glioma cell growth through a 26S-proteasome-dependent signaling pathway.
Materials and methods

Materials
Probucol and AICAR (5-aminoimidazole-4-carboxamide ribonucleoside) were purchased from Sigma (St Louis, MO, USA). Probucol was dissolved in DMSO to make a 500 mmol/L stock solution (0.1% v/v final concentration) and stored at -80 °C. AMPKα1/2 siRNA, LKB1 siRNA, p27
Kip1 siRNA, and antibodies against p27
Kip1 and GAPDH were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Primary antibodies against AMPKα, phospho-AMPKα (Thr172), LKB1, and p-LKB1 (Ser428) and secondary antibodies were obtained from Cell Signaling Technology (Beverly, MA, USA). The siRNA delivery agent Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA, USA). MG132 and compound C were obtained from Enzo Life Sciences International, Inc (Plymouth Meeting, PA, USA). Other chemicals were obtained from Sigma-Aldrich (St Louis, MO, USA) unless otherwise indicated.
Cell culture
The human glioma U87 and glioblastoma SF295 cell lines, obtained from the European Collection of Cell Cultures (Wiltshire, UK), were seeded into 96-well plates. Then, 48 h after culturing, the cells were serum-starved for 24 h and treated as indicated with probucol or vehicle control.
Cell proliferation assay
The cells were split into 96-well plates before the cell proliferation assay as described previously [8] . Transfection of siRNA into cultured cells U87 cells were transfected in 6-well plates according to a previously described protocol [20] . Briefly, a 10 µmol/L stock solution of siRNA was prepared in 20 mmol/L KCl, 6.0 mmol/L HEPES (pH 7.5), and 0.2 mmol/L MgCl 2 . For each transfection, 100 µL transfection media (Gibcol, USA) containing 4 µL siRNA stock solution was incubated with 100 µL transfection media containing 4 µL transfection reagent (Lipofectamine 2000, Invitrogen, USA) for 30 min at room temperature. The siRNA-lipid complex was then added to each well, which contained 1 mL transfection media. After incubation for 6 h at 37 °C, the transfection media was replaced with normal growth media, and the cells were cultured for an additional 48 h.
Semi-quantitative reverse transcription polymerase chain reaction
The cultured U87 cells were washed with cold PBS and total RNA was extracted in 1 mL of TRIZOL reagent (Invitrogen) per 100-mm dish. Total RNA (400 ng) from each sample was used for cDNA synthesis using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's instructions and as described previously [21] . Prepared cDNA samples were amplified and analyzed with PCR using the following primers: p27 Kip1 , 5'-CGCTTTTGTTC-GGTTTTGTT-3' (forward) and 5'-TTCGGAGCTGTTTAC-GTCTG-3' (reverse). Reactions were run for 30 cycles with the following conditions: denaturation for 30 s at 94 °C, annealing for 30 s at 57 °C, and extension for 30 s at 72 °C. Constitutively expressed GAPDH mRNA was amplified as a control.
Western blot
The cells were homogenized on ice in cell-lysis buffer containing 20 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L Na 2 EDTA, 1 mmol/L EGTA, 1% Triton, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L beta-glycerophosphate, 1 mmol/L Na 3 VO 4 , 1 µg/mL leupeptin, and 1 mmol/L PMSF. Proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes and probed using specific antibodies. Band 
26S proteasome activity determination
The 26S proteasome function was measured as described previously [22] . Briefly, the cells were washed with cold PBS and then with buffer I (50 mmol/L Tris, pH 7.4, 2 mmol/L DTT, 5 mmol/L MgCl 2 , 2 mmol/L ATP). The cells were then pelleted by centrifugation. Homogenization buffer (50 mmol/L Tris (pH 7.4), 1 mmol/L DTT, 5 mmol/L MgCl 2 , 2 mmol/L ATP, 250 mmol/L sucrose) was added, and the cells were vortexed for 1 min. Cell debris was removed by centrifugation at 1000×g for 5 min followed by 10 000×g for 20 min. Protein concentration was determined by a BCA (bicinchoninic acid) assay (Pierce, Rockford, IL, USA). Protein (100 µg) from each sample was diluted with buffer I to a final volume of 1 mL. The fluorogenic proteasome substrate Suc-LLVY-7-amido-4-methylcoumarin (chymotrypsin-like, Sigma, St Louis, MO, USA) was added at a final concentration of 80 µmol/L in 1% DMSO. Cleavage activity was monitored continuously by detection of free 7-amido-4-methylcoumarin with a fluorescence plate reader (Gemini, Molecular Devices, Sunnyvale, CA, USA) at 380/460 nm at 37 °C.
Statistical analysis
The results are expressed as the mean±SEM. Statistical significance for comparisons between two groups was calculated using the two-tailed Student's t test. To assess comparisons between multiple groups, analysis of variance (ANOVA) followed by the Bonferroni procedure was performed using GraphPad Prism 4 Software (GraphPad Software, Inc, San Diego, CA, USA). A P value <0.05 is considered to be statistically significant.
Results
Probucol increases the level of AMPK Thr172 phosphorylation and AMPK activity in glioma cells
Probucol is well characterized as a lipid-lowering drug that protects against atherosclerosis and tumor formation [23] . To investigate whether probucol activates AMPK in glioma cells, confluent U87 cells (originally isolated from a human glioblastoma patient) were treated with varying concentrations of probucol from 0.5 to 24 h. AMPK activation was indirectly assessed by Western blot analysis of AMPK phosphorylation at Thr172, which is essential for AMPK activity. The phosphorylation of AMPK in U87 cells gradually increased beginning 2 h after incubation with 50 μmol/L of probucol and reached peak levels at 12 h ( Figure 1A ).
We next examined the dose-dependent effects of probucol on AMPK-Thr172 phosphorylation. As depicted in Figure  1B , probucol did not affect phosphorylation of AMPK at a concentration of 1 μmol/L; however, at 10 μmol/L, probucol significantly enhanced AMPK phosphorylation. Increasing concentrations of probucol (25-100 μmol/L) further enhanced AMPK phosphorylation. Probucol treatment did not alter the total levels of AMPK, suggesting that probucol-induced phosphorylation of AMPK was not due to increased expression of the protein. In addition, increased AMPK phosphorylation was associated with elevated AMPK activity ( Figure 1C ), as measured by the SAMS peptide assay [5] .
Probucol increases LKB1 phosphorylation at Ser428 in a dosedependent manner Recent studies have suggested that LKB1 acts as an AMPK kinase in vitro and in cultured cells [24] . Because probucol treatment activates AMPK, we next examined whether probucol affects LKB1 phosphorylation. A 2-h treatment with probucol (10-100 µmol/L) did not alter the overall LKB1 levels but did significantly increase the phosphorylation of LKB1-Ser428 compared with untreated cells ( Figure 1D ). Consistent with probucol-mediated AMPK phosphorylation, there was a dosedependent increase in the LKB1 phosphorylation at Ser428 in response to probucol.
Probucol-induced AMPK phosphorylation in U87 glioma cells is LKB1-dependent
To determine whether probucol-induced AMPK activation is dependent on LKB1, we suppressed the LKB1 expression by siRNA in U87 cells. LKB1 siRNA suppressed the expression of LKB1 by 50% compared with control cells. We found that LKB1 siRNA, but not control siRNA, inhibited probucoldependent phosphorylation of AMPK at Thr172 ( Figure 1E ). These experiments suggest that LKB1 is required for the probucol-induced AMPK activation in glioma cells.
We next evaluated whether LKB1 phosphorylation at Ser428 was required for probucol-induced AMPK activation. Using site-directed mutagenesis, we developed an LKB1 mutant in which an amino acid essential for LKB1 activation, serine 428, was mutated to alanine (LKB1-S428A). Because probucol treatment increased phosphorylation of AMPK in U87 cells infected with adenovirus encoding WT-LKB1, we next investigated whether adenoviral overexpression of the LKB1 mutant would prevent the probucol-dependent phosphorylation of AMPK. As hypothesized, the LKB1-S428A mutant did abolish the probucol-enhanced phosphorylation of AMPK-Thr172 ( Figure 1F ). These data suggest that Ser428 phosphorylation of LKB1 is essential for probucol-induced AMPK activation in glioma cells.
Activation of LKB1-AMPK signaling by probucol is reactive oxygen species-dependent Earlier studies have found that LKB1-AMPK signaling is activated by reactive oxygen species (ROS) [25] , such as H 2 O 2 or ONOO -. To determine whether ROS caused the probucolinduced AMPK activation, we assayed superoxide anion levels in U87 cells following exposure to probucol. Exposure of U87 cells to probucol dose-dependently increased the production of superoxide anions, as detected via the intensity of DHE fluorescence (Figure 2A ). To investigate whether probucol activates the LKB1-AMPK pathway via ROS, we monitored both LKB1 and AMPK-Thr172 phosphorylation under condi- Figure 2B ) and AMPKThr172 ( Figure 2C ). These data suggest that probucol activates LKB1-AMPK signaling via ROS.
Probucol inhibits U87 glioma cell proliferation Activation of LKB1-AMPK signaling suppresses the proliferation of vascular cells and cancer cells [8] ; therefore, we hypothesized that probucol could also inhibit glioma cell growth. To test this hypothesis, we investigated the effect of probucol on glioma cell growth. The proliferation of cultured U87 cells was quantified with an OD 570 assay. As shown in Figure 3A , following treatment of 10-100 μmol/L probucol for 24 h, the growth rate of U87 cells was significantly reduced. Consistent with this, incorporation of the thymidine analog BrdU, which indicates DNA synthesis, was significantly decreased in glioma cells treated with 10-100 μmol/L probucol compared with untreated cells ( Figure 3B ).
To further study the time-course of probucol's effects on glioma cell growth, we treated U87 cells with 50 μmol/L probucol from 2-24 h. Probucol effectively inhibited U87 cell proliferations in a dose-dependent manner ( Figure 3C and 3D ). These results demonstrate that probucol inhibits glioma cell proliferation.
Inhibition of the ROS-LKB1-AMPK signaling axis abolishes probucol-induced suppression of U87 cell proliferation
We next investigated the role of LKB1-AMPK signaling in probucol-suppressed U87 cell proliferation. Probucol significantly attenuated cultured U87 cell proliferation in the vehicle control group but not in cells pretreated with tempol ( Figure  4A ). Consistent with this, probucol dramatically decreased the incorporation of BrdU in U87 cells transfected with control siRNA but not in U87 cells transfected with LKB1 siRNA (Figure 4B ) and AMPKα siRNA ( Figure 4C ). Taken together, these data suggest that probucol suppresses U87 cell proliferation via activation of ROS-LKB1-AMPK signaling.
Probucol increases the total p27
Kip1 protein levels without altering P-p27
Kip1 levels in U87 cell via AMPK activation p27
Kip1 plays an important role in the cell cycle [26] . Therefore, we investigated whether probucol, via AMPK, alters the expression of p27 Kip1 . The level of total p27 Kip1 (T-p27 Kip1 ) protein was increased dramatically in probucol-treated U87 cells compared with vehicle-treated U87 cells ( Figure 5A ). However, probucol did not increase the level of p27
Kip1 protein in U87 cells incubated with an AMPK inhibitor, compound C.
To further validate the role of AMPK in p27 Kip1 protein expression, we performed siRNA knockdown of AMPKα to test its contribution in increasing p27
Kip1 expression in the probucol-treated U87 cells. The level of p27
Kip1 protein was enhanced significantly by probucol in the control siRNAtransfected U87 cells but not in the AMPKα siRNA-transfected U87 cells ( Figure 5B ). Collectively, these results demonstrate that AMPK plays a key role in the probucol-increased p27 Kip1 To determine whether probucol regulates p27 Kip1 stability through Thr198, which can be phosphorylated by LKB1-AMPK [27] , we evaluated the levels of phosphorylated p27 Kip1 . As shown in Figure 5A and 5B, although the level of phosphorylated p27
Kip1 (P-p27 Kip1 ) was increased by probucol treatment, the ratio of P-p27
Kip1 to T-p27 Kip1 was not altered by probucol or AMPK inhibition (data not shown). These data indicate that the increased P-p27 Kip1 is likely due to the higher levels of T-p27 Kip1 that are induced by probucol.
Probucol does not increase p27
Kip1 gene expression in cultured cells Next, we examined how AMPK regulates p27
Kip1 protein Figure 5A ). Further, probucol did not increase the p27
Kip1 mRNA level in U87 cells transected with control or AMPKα siRNA ( Figure 5B ). Taken together, these data suggest that probucol increases p27
Kip1 protein expression via a gene expression-independent pathway.
Probucol reduces 26S proteasome activity via AMPK activation It has been reported that p27
Kip1 protein can be degraded by 26S proteasome in vascular smooth muscle cells [8] . We hypothesized that probucol may increase p27
Kip1 protein via suppression of proteasome-dependent degradation. To test this hypothesis, we assayed 26S proteasome activity in U87 cells. 26S proteasome activity decreased dramatically in probucoltreated U87 cells compared with vehicle-treated U87 cells ( Figure 6A ). However, probucol did not reduce 26S proteasome activity in U87 cells incubated with an AMPK inhibitor, compound C. Similarly, when AMPK activity was reduced by AMPKα siRNA in U87 cells, the 26S proteasome activity was not inhibited significantly by probucol, but it was inhibited in the U87 cells expressing control siRNA ( Figure 6B ). These data demonstrate that the 26S proteasome pathway is involved in probucol-mediated effects on p27
Kip1 protein levels.
Inhibition of AMPK via activation of the 26S proteasome induces p27 Kip1 degradation To further establish a direct connection between the inhibition of proteasome activity and increased p27
Kip1 levels, we treated cells with the proteasome inhibitor MG132 and detected the p27
Kip1 levels in AMPK-inhibited cells. As shown in Figure  6C , the effects of compound C on p27 Kip1 degradation were blocked by MG132 treatment, suggesting that the inhibition of 26S proteasome activity is involved in probucol-enhanced protein levels of p27 Kip1 .
p27
Kip1 mediates the effects of probucol on U87 cell proliferation Finally, we investigated whether p27
Kip1 is required for probucol's ability to inhibit U87 cell proliferation. To determine the effect of p27
Kip1 inhibition, we transfected U87 cells with either control or p27
Kip1 siRNA for 48 h and then treated the cells with either an AMPK activator (AICAR, 1 mmol/L, used as a positive control) or probucol (50 μmol/L) for 12 h. Cell proliferation was assayed with BrdU incorporation. Transfection with p27
Kip1 siRNA but not control siRNA attenuated AICAR-and probucol-reduced U87 cell proliferation ( Figure  6D, 6E ). These findings indicate that p27
Kip1 is responsible for the decreased proliferation in U87 cells following AMPK activation.
Probucol activates LKB1-AMPK signaling, increases p27 npg also increased the p27 Kip1 protein levels ( Figure 7A ). Similar to U87 cells, the proliferation of SF295 cells was reduced by probucol treatment (Figure 7B ). These findings support the hypothesis that probucol, via LKB1-AMPK/p27
Kip1 signaling, suppresses glioma cell growth. 
Discussion
In the present study, we have shown that LKB1-AMPK signaling mediates probucol-suppressed glioma cell proliferation. The mechanism underlying this process is a novel pathway in which glioma cell proliferation is inhibited by probucol as a result of p27 Kip1 upregulation, which is controlled by the 26S proteasome. These findings indicate that the LKB1-AMPK pathway is an important mediator for glioma cell growth and suggest that probucol, which modulates LKB1-AMPK signaling, may be beneficial in treating malignant gliomas.
The major finding of our study is that probucol, a lipidlowering drug, activates AMPK via the ROS-dependent LKB1 pathway. This work has demonstrated, for the first time, that production of O 2 · or its derived oxidants, such as ONOO -, is required for probucol-enhanced LKB1-AMPK activation. The following evidence supports the activation of AMPK by the increased formation of ROS. First, exposure to probucol significantly increased intracellular ROS. In addition, the concentrations of probucol (10-100 μmol/L) triggering ROS were similar to those required for the phosphorylation of AMPKThr172 and LKB1-Ser428. This is corroborated by the fact that tempol markedly reduced the probucol-enhanced phosphorylation of AMPK-Thr172 and LKB1-Ser428. Further, silencing LKB1 or mutating LKB1-Ser428 dramatically blocked the AMPK-Thr172 phosphorylation induced by probucol. These results strongly suggest that ROS-LKB1 might be required for AMPK activation by probucol in glioma cells. Studies [21, 28] have demonstrated antioxidant effects of probucol and AMPK in vivo. This apparently contradictory observation might be similar to ischemic preconditioning by ROS, in which low levels of ROS precondition the tissues to prevent the massive production of reactive species in index hypoxia. Thus, we consider that AMPK might function as a redox sensor and AMPK activation might reduce the overall oxidant stress by attenuating oxidant stress from other sources or by enhancing antioxidant potentials.
We have also elucidated the underlying mechanism by which probucol inhibits glioma cell proliferation: LKB1-AMPK-dependent upregulation of p27
Kip1 protein, via inhibition of 26S proteasome activity. p27
Kip1 is a key member of the Cip/Kip family of CKIs that functions to negatively regulate cyclin-CDK holoenzymes, such as cyclin E-Cdk2 complexes in the nucleus, resulting in cell cycle arrest at the G 1 /S transition [8] . Although it has been reported [27] that the LKB1-AMPK pathway regulates p27
Kip1 phosphorylation and thereby increases p27 stability, our data indicate that AMPK activation can upregulate p27
Kip1 through the 26S proteasome. Several lines of evidence are consistent with this hypothesis. First, the inhibition of AMPK profoundly abolished the probucol-suppressed ubiquitin-proteasome system. Second, the p27 Kip1 protein level but not the mRNA level was significantly elevated in the probucol-treated U87 cells, indicating probucol increases p27
Kip1 protein stability. Third, AMPK inhibition with compound C or silencing AMPK activity by AMPKα siRNA markedly limits the p27
Kip1 protein upregulation in glioma cells. Fourth, p27
Kip1 siRNA transfection notably eliminated the reduction in glioma cell proliferation induced by AICAR and probucol, which are both AMPK activators. Taken together, these findings demonstrate that AMPK is a target of probucol, which potently modulates glioma cell growth and functions through p27 Kip1 reduction. It was shown recently that Skp2, which is an E3-ligase of p27
Kip1 for 26S proteasome-dependent degradation, promotes vascular smooth muscle cell proliferation and neointima formation in Skp2 -/-mice [29] , indirectly supporting our results that Skp2 is a viable target of probucol as an anticancer agent aimed at inhibiting cell proliferation, including in gliomas.
In summary, we have shown that activation of LKB1-AMPK signaling is critical for probucol-reduced glioma cell proliferation ( Figure 6F ). Due to its effects on glioma cell proliferation, the LKB1-AMPK signaling pathway may emerge as an important therapeutic target in gliomas. The identity of the downstream targets of AMPK signaling and the manner in which these effectors regulate AMPK-mediated glioma cell function remain to be further elucidated.
